The induction of somatic embryo development in cell cultures of alfalfa (Medicago sativa), celery (Apium graveolens), and lettuce (Lactuca sativa) was compared for 2,4-dichlorophenoxyacetic acid (2,4-D) and various phenoxy acid growth regulators.
Tests using a series of straight chain extensions to the phenoxy acid side chain indicate that phenoxybutanoic acid is active, whereas the phenoxypropanoic and phenoxypentanoic analogs are inactive for the induction of alfalfa embryogenesis. Side branching on the carbon adjacent to the phenoxy group results in optically active compounds. Racemic mixtures and the (+) enantiomers of the compounds are active for alfalfa embryo induction, whereas the (-) enantiomers are inactive and apparently do not inhibit embryogenesis in any way. Development of alfalfa embryos, as measured by plantlet formation from individual embryos, is improved by 4-(2,4-dichlorophenoxy)butanoic acid and with side branching at the carbon adjacent to the phenoxy group compared with induction with 2,4-D. Similarly, substituted phenoxy acids also enhance somatic embryo development in celery and lettuce when compared with 2,4-D. These results are discussed with reference to earlier studies on the structure activity of various synthetic auxins during cell elongation and with reference to the possible importance of auxin metabolism on subsequent somatic embryo development.
The growth regulator 2,4-D is used extensively in plant tissue culture to induce somatic embryo formation. This growth regulator was originally used by Reinert (15) and Halperin (8) in the first experiments on somatic embryogenesis in carrot. Halperin and Wetherell (9) were the first to recognize the true importance of 2,4-D in the process of induction of somatic embryos. A review by Kohlenbach (1 1) describing the general factors that are necessary to promote somatic embryogenesis refers to 2,4-D as a preferred synthetic auxin for the induction of somatic embryo development. A later review by Evans et al. (3) summarized the literature of somatic embryogenesis and found that, in 57.7% of the reports, 2,4-D was used in the initial stage of dicot tissue culture to induce the formation of somatic embryos and in all of the cases surveyed in which monocot regeneration occurs.
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These reports should not be interpreted to mean that 2,4-D is the only, or even the preferred, synthetic auxin for inducing the development of somatic embryos. Several relatively thorough studies have compared the structure and concentration of various synthetic growth regulators for somatic embryo induction. Kamada and Harada (10) determined that carrot somatic embryogenesis can be induced with a broad range of growth regulators in the following approximate order of effectiveness: indole-3-acetic acid < a-naphthyleneacetic acid < 4-chlorophenoxyacetic acid < 2,4-D < 2,4,5-trichlorophenoxyacetic acid. In another study, Gleddie et al. (6) found that a-naphthaleneacetic acid is the best auxin for eggplant somatic embryo induction. In two studies on alfalfa somatic embryogenesis, it was determined that depending on the time of exposure and concentration, 50 gM 2,4-D would promote the best development of embryos (20, 26) , although 4-chlorophenoxyacetic acid and picloram were also found to be effective. Various authors have reported that other synthetic growth regulators, such as picloram or dicamba, are preferred chemicals for promoting the development of somatic embryos in some species (2, 7) . Despite these reports, 2,4-D still remains the most popular synthetic growth regulator in the dicots and monocots for the induction of somatic embryo development.
In an earlier report in which seed storage protein deposition in alfalfa somatic embryos was investigated, workers in this laboratory discovered that cultures treated with 50 ,M 2,4-D gave high numbers of somatic embryos but low expression of storage protein (20) . Embryos treated with 10 AM 2,4-D, however, expressed between 50-and 100-fold more storage protein, although the yield of early stage embryos was somewhat lower with this level of growth regulator. This suggested that perhaps embryo development was inhibited by induction conditions that include high levels of 2,4-D. In fact, other studies with carrot somatic embryogenesis have shown that 2,4-D prevents embryo development if it is added to the regeneration medium (9) . We felt that one approach to improve induction and development of more mature somatic embryos would be to investigate changes in the structure of phenoxy acid growth regulators during cell culture. We report here that specific chain extension to the phenoxy acid and that specific branching of the phenoxy acid side chain improves somatic embryo yield and embryo maturation.
MATERIALS AND METHODS

Chemicals
The chemicals used in this report were obtained from the following sources in the purities noted: 2,4-D (Fig. 1 Petri plates were scored per treatment. The conversion frequency was calculated as the percentage of plantlets formed from the total number of embryos placed onto conversion medium.
Celery Cell Culture
Young, inner petioles 7.5 cm in length were harvested from plants grown in the greenhouse. One-to 5-cm sections were cut from the petioles and a 1-cm cork borer section were cut from leaves. Explants were then surface sterilized for 2 to 10 min in 0.525% (v/v) sodium hypochlorite solution at pH 7.0 while being immersed in a Branson model B-220 sonicator. The hypochlorite solution was poured offand explant sections were rinsed three times with sterile water. The whitened edges of the explants were removed aseptically with a scalpel and discarded.
Callus initiation occurred by placing explants onto SH mineral salts and vitamins (16) Explants were subcultured onto the same medium minus the penicillin-G and incubated for an additional 3 weeks. The explants and the callus that formed were removed from the second medium and were dispersed using a sterile spatula. 
Branched Side Chain Substitution of the Phenoxy Ring
The next series of chemicals investigated were branched phenoxy acid derivatives (Fig. 2) [V] Figure 1 . The structure of the straight chain phenoxy acids tested or discussed in this report. In addition to causing the induction of somatic embryos, the developmental stage and synchrony ofembryos is changed by various growth regulators. This was visually observed by noticing a higher proportion of alfalfa somatic embryos showing bipolarity and increased cotyledon development. One way to quantify the relative development of somatic embryos is to measure their subsequent conversion to plantlets with roots and true leaves (16) . Results of representative conversion experiments are shown in Table V for various auxin treatments. In all cases, there is an increase in the rate of embryo conversion to plants for 4-(2,4-dichlorophenoxy)butanoic acid and the branched side chain analogs of the phenoxy acids. All of these improvements are statistically significant except for (+)-2-(2,4-dichlorophenoxy)propanoic acid. This can be interpreted to mean that the embryos that regenerate from these cultures are better developed than those from 2,4-D-treated cultures.
Celery and Lettuce Cell Cultures
Several of the growth regulators that were found to be effective in alfalfa were tested in celery and lettuce cultures (Table VI) . With celery, a standard subculture and induction treatment described by Orton ( 14) gave only one embryo per plate in a replicated experiment, whereas 4-(2,4-dichlorophenoxy)butanoic acid, racemic 2-(2,4-dichlorophenoxy)propanoic acid, (+)-2-(2,4-dichlorophenoxy)propanoic acid, and racemic 2-(2-methyl-4-chlorophenoxy)propanoic acid all gave significantly higher embryogenesis. In lettuce, a standard lettuce regeneration procedure for somatic bud formation using 3 IAM 2-chlorophenoxyacetic acid [V] yielded no somatic embryos, whereas treatments using racemic 2-(2,4-dichlorophenoxy)propanoic acid all yielded somatic embryos. These results demonstrate in two additional species unrelated to alfalfa that the same phenoxy acid growth regulators have a (20) (21) (22) . These studies showed that phenoxy acids with even numbers of carbons between the phenoxy ring and the carboxyl group are inactive (e.g. 3-(2,4-dichlorophen- oxy)propanoic acid), 5-(2,4-dichlorophenoxy)pentanoic acid, etc.) for cell elongation, whereas those with an odd number ofcarbon atoms (e.g. 2,4-D, 4-(2,4-dichlorophenoxy)butanoic acid, etc.) are active for cell elongation. These studies also showed that if the active compounds are further substituted with a methyl or an ethyl group at the carbon adjacent to the phenoxy ring, these structures are optically active and the racemic and (+) enantiomers are active in growth tests but the (-) forms are inactive.
The present study represents the first report in which the structure-activity relationships ofsimilar phenoxy acid growth regulators have been studied for in vitro somatic embryogenesis, a system of plant development. These results are similar in two important respects to the cell elongation studies. First, in alfalfa cell cultures (Table I) , the phenoxy acids with an odd number of carbon atoms between the phenoxy ring and the carboxyl group (e.g. 2,4-D, 4-(2,4-dichlorophenoxy)butanoic acid) are also active for the induction of cell differentiation, whereas those with even numbers of carbons (e.g. 3-(2,4-dichlorophenoxy)propanoic acid), 5-(2,4-dichlorophenoxy)pentanoic acid) are completely inactive. Second, we find that for optically active branched side chain structures (e.g. 2-(2,4,5-trichlorophenoxy)propanoic acid)), the racemic and the (+) enantiomer are active for inducing tissue differentiation but the (-) enantiomers are essentially inactive (Tables III and IV) . We do find very limited activity for induction of somatic embryogenesis in some experiments for the (-) form (Table III) but attribute this response to a slight contamination of the (-) form with the (+) form, which sometimes occurs during recrystallization ofthe stereoisomers from racemic mixtures. These results suggest that the same basic mechanism of auxin perception may be active in inducing cell elongation as well as cellular differentiation.
Two surprising results were observed, however, which could not be predicted from the earlier results with cell elongation. First, it is interesting to note that 4-(2,4-dichlorophenoxy)butanoic acid is active in alfalfa cell cultures (Tables I,  IV , and V) but shows no herbicidal activity toward alfalfa in the field (23) . The selective herbicidal activity of 2-(2,4-dichlorophenoxy)butanoic acid in the field against broad leaf competitors is thought to be due to a lack, in alfalfa, of the ,Boxidation pathway that would convert 4-(2,4-dichlorophenoxy)butanoic acid to 2,4-D, the herbicidally active form (26) . Based on this selective herbicidal activity, we originally expected 4-(2,4-dichlorophenoxy)butanoic acid to be inactive for the induction of somatic embryogenesis in alfalfa cell cultures. The results we observe, however, suggest that either that (a) the ,B-oxidation pathway is present in alfalfa cell cultures but not in the mature plant so that 4-(2,4-dichlorophenoxy)butanoic acid is broken down to the inductive 2,4-D, or that (b) 4-(2,4-dichlorophenoxy)butanoic acid itself is an active inducer of somatic embryogenesis.
Second, we find that chain extension (e.g. 4-(2,4-dichlorophenoxy)butanoic acid) or side chain branching (e.g. 2-(2,4-dichlorophenoxy)propanoic acid, 2-(2,4,5-trichlorophenoxy)propanoic acid, etc.) result in improved embryo development compared with induction with 2,4-D (Tables V and  VI) . In alfalfa, this effect was not reflected in improved somatic embryo yields upon regeneration (Tables I-IV) but is consistently observed when conversion (germination) to plantlets is measured (Table V) . In celery and lettuce, use of these compounds improve the overall yield of somatic embryos (Table VI) . In practical terms, it is not necessary to use the (+) active form of the branched side chain phenoxy acids to observe improved embryo development; racemic mixtures will work just as well. This result supports our conclusion that (-) enantiomers are completely inactive because racemic mixtures neither reduce the yield of embryos nor inhibit the later embryo development compared with the purified (+) enantiomer. Growth studies using the pea stem curvature and the Avena coleoptile test by Smith (17, 18) suggest that the (-) enantiomers will antagonize the action of the (+) enantiomer. We find no evidence for such an antagonism in developing cell cultures.
Finally, one can speculate why side chain branching and chain extension result in improved yields of somatic embryos and subsequent improvements in embryo development. We suggest that acceleration of the metabolism or breakdown of these growth regulators may be responsible for this effect. Evidence for this hypothesis comes from two types of studies. First, it is well known that 2,4-D prevents the early stage development of somatic embryos if added to the regeneration medium (3) and yet it is widely used for induction of embryogenesis (6, 8, 9) . Induction of alfalfa cell cultures with suboptimal concentrations of 2,4-D, however, causes lower yields of early stage embryos but also increases the developmental maturity of the resulting embryos as measured by increased storage protein deposition and conversion (9) . This suggests that if too much 2,4-D is carried over from the induction medium, either in an intracellular or an extracellular pool, the resulting somatic embryo will display arrested or abnormal development. Second, studies on the rates of metabolism of4-(2,4-dichlorophenoxy)butanoic acid (24) and 2-(2,4-dichlorophenoxy)propanoic acid (25) have been compared to that of 2,4-D. These studies find that the former molecules are metabolized more quickly than 2,4-D. If increased metabolism of the phenoxy growth regulators is responsible for the improved somatic embryo development seen in this report, this suggests that the appropriate design of the inductive molecule itself could result in strong induction of early stage somatic embryos followed by rapid metabolism of the phenoxy acid growth regulator to an inactive form that would promote better somatic embryo maturation and development. The demonstration of the metabolic fate of these phenoxy growth regulators in cell cultures awaits further investigation.
